This article proposes a comprehensive view of the origin of the mammalian brain. We discuss i) from which region in the brain of a reptilian-like ancestor did the isocortex originate, and ii) the origin of the multilayered structure of the isocortex from a simple-layered structure like that observed in the cortex of present-day reptiles. Regarding question i there have been two alternative hypotheses, one suggesting that most or all the isocortex originated from the dorsal pallium, and the other suggesting that part of the isocortex originated from a ventral pallial component. The latter implies that a massive tangential migration of cells from the ventral pallium to the dorsal pallium takes place in isocortical development, something that has not been shown. Question ii refers to the origin of the six-layered isocortex from a primitive three-layered cortex. It is argued that the superficial isocortical layers can be considered to be an evolutionary acquisition of the mammalian brain, since no equivalent structures can be found in the reptilian brain. Furthermore, a characteristic of the isocortex is that it develops according to an inside-out neurogenetic gradient, in which late-produced cells migrate past layers of early-produced cells. It is proposed that the inside-out neurogenetic gradient was partly achieved by the activation of a signaling pathway associated with the Cdk5 kinase and its activator p35, while an extracellular protein called reelin (secreted in the marginal zone during development) may have prevented migrating cells from penetrating into the developing marginal zone (future layer I).
Introduction
This paper is concerned with the early stages of mammalian brain evolution. Our strategy to approach this issue will be to borrow evidence from developmental biology and from neuroanatomy in order to validate or reject proposals of homology and evolutionary mechanisms. In order to do so, we will first very briefly discuss the phylogenetic relationships of terrestrial vertebrates to show the position of mammals in relation to birds and reptiles; then, we will discuss brain organization in birds, reptiles and mammals. After this introduction, the paper will consist of two parts. In the first part, we address the issue of structures homologous to the mammalian isocortex. This section includes evidence derived from brain connectivity and from gene expression during early development. The second part addresses the origin of isocortical lamination, and will be largely based on the analysis of cortical migration mutants. We will also describe a scenario that intends to make func-tional sense of the generation of the inverted, inside-out neurogenetic gradient of the mammalian isocortex.
Phylogenetic relationships and differences in brain structure Figure 1 indicates a family tree, or cladogram of different vertebrates, together with a diagram of their cerebral hemispheres. As can be seen, amphibians are the sister group of mammals, birds and reptiles all together; mammals are the sister group of birds and reptiles. Note that birds are not the sister group of reptiles. Instead, birds belong to reptiles, and the structure of their brain reflects this phylogenetic position. This paper will be concerned with the transition between the common ancestor of mammals and reptiles, and modern mammals.
The first reptiles to appear in the fossil record, called anapsids (also termed stem reptiles), probably gave rise to all present-day reptiles, including birds (1) . Another group of early reptiles, called synapsids, were the ancestors of the first mammals. The relationship of the synapsids with the stem reptiles is rather obscure. Interestingly, the cranial cavity of both anapsids and synapsids was small and narrow, suggesting that they had a small brain (2) . In both lines, primitive reptiles and mammal-like reptiles, the expansion of the brain was a relatively late event. In the mammalian line, the brain became enlarged only when the first true mammals appeared, and was more or less simultaneous with the origin of the middle ear (3, 4) . Therefore, the expansion of the mammalian brain took place as a very fast evolutionary step, and relatively late in the history of these animals. This is important because it indicates that the enlargement of the brain may have occurred independently in the line leading to reptiles and in the line leading to mammals. Thus, one important question that we will address in this paper, from the perspective of comparative neuroanatomy, is to what extent it is correct to consider mammals as derived from reptiles as we know them today.
Before we deal with the main questions, it will be useful to recall some general aspects of comparative brain anatomy. Figure 1 schematically illustrates the structure of the brain in the main classes of terrestrial vertebrates. The brains of amphibians have the simplest organization of all vertebrates and possibly resemble the ancestral amniote brain. Amphibian brains have no large cell masses, and most cells are located in the periventricular Figure 1 . Phylogenetic relations of terrestrial vertebrates. In each taxon, one cerebral hemisphere of a representative species is depicted. Medial is to the left of the observer. DCx, dorsal cortex; DP, dorsal pallium; DVR, dorsal ventricular ridge; HP, hippocampus; LCx, lateral cortex; LP, lateral pallium; MCx, medial cortex; MP, medial pallium; STR, corpus striatum; OCx, olfactory cortex; ICx, isocortex. zone, there being little cell migration away from the latter. Thalamic sensory projections terminate mostly in the medial pallium and in the corpus striatum (5) . The brains of reptiles have a small, three-layered cerebral cortex consisting of a medial part and a dorsomedial part, both of which make up the homologue of the hippocampal formation of mammals; a lateral part which corresponds to the olfactory cortex of mammals, and a very small dorsal cortex, which is possibly homologue to the isocortex. In reptiles, thalamic sensory afferents terminate in the dorsal cortex and in a periventricular structure that bulges into the lateral ventriculum and is located immediately above the corpus striatum, called the dorsal ventricular ridge (DVR). The DVR (especially its anterior part, which receives most sensory projections) is the main sensory processing center of the reptilian brain (6) . Finally, mammals are characterized by the presence of a six-layered neocortex or isocortex, located between the hippocampal (medial) cortex and the olfactory (lateral) cortex. The isocortex receives most thalamic sensory projections, and expands significantly in relation to other brain components. We will address two main questions in this paper. The first is, which is the structure ancestral to the isocortex in the reptilian brain?, and the second is, how did the isocortex acquire its six-layered organization? The first question is related to the topographic position of the isocortex (and its ancestral structure) in the brain of early reptiles or mammal-like reptiles, while the second question is related to the evolution of the internal structure of the isocortex. In this context, it is important to remember that the isocortex has a conserved laminar organization among mammals, even though it may expand significantly in some groups like primates. Our second question therefore is related to the steps involved in the acquisition of the six-layered organization that is common to the isocortex of most mammals.
Question 1. Homologues to the isocortex
There have been two main hypotheses about the homologies to the isocortex in the non-mammalian brain ( Figure 2 ). The first hypothesis, which was termed the recapitulation hypothesis by Northcutt and Kaas (7) , asserts that the common ancestor of mammals and reptiles had a reptilian-like brain, with a DVR (or its precursor), and a dorsal cortex. This hypothesis implies that the DVR, together with the dorsal cortex, gave rise to the mammalian isocortex. The second hypothesis, the outgroup hypothesis (7), asserts that the common ancestor of mammals and reptiles had a very simple brain, similar to that of amphibians, with no large cell masses. According to this view, only the dorsal cortex of this common ancestor became the isocortex. Thus, the main difference between the two hypotheses is whether the DVR of reptiles did or did not give rise to the isocortex.
Recapitulation hypothesis
This hypothesis relies mostly on evidence of the termination of thalamic sensory pathways in the telencephalon. A good example to illustrate this evidence is the visual system. In most vertebrates, there are two visual pathways. One is the thalamofugal pathway, which in mammals originates from retinal projections to the lateral geniculate nucleus; the pathway then follows to the primary or striate visual cortex (vl in Figure 3) . The second pathway, the tectofugal pathway (vc in Figure 3 ), goes from the retina to the superior colliculus or optic tectum, then projects to the pulvinar nucleus in the thalamus, and finally projects to the extrastriate visual cortex. The same two pathways can be observed in reptiles and birds, and in most vertebrates. In birds and reptiles, the thalamofugal pathway (vl in Figure 3 ) is relayed in the nucleus equivalent to the lateral geniculate, and terminates in the dorsal cortex (the Wulst of birds). On the other hand, the tectofugal pathway (vc in Figure 3 ) projects to the optic tectum, then projects to a thalamic nucleus called nucleus rotundus, and from there it is directed to the DVR (8, 9) .
Based on this evidence, it has been proposed that the thalamofugal pathway, which ends in the dorsal cortex or Wulst of birds, and in the striate cortex of mammals, indicates homology between the striate cortex and the dorsal cortex or Wulst. On the other hand, the tectofugal pathway, terminating in the DVR and in the extrastriate visual cortex, indicates homology between these two structures. It was also claimed that the nucleus rotundus was homologous to the mammalian pulvinar nucleus because they are located at corresponding processing stages in the tectofugal pathway. Furthermore, considering similarities in intrinsic connectivity, it was postulated that the different laminae of the extrastriate visual cortex might correspond to different components of the avian DVR. Thus, there was an equivalent circuitry in the mammalian cortex and in the avian and reptilian DVR, which probably was ancestral to both groups. In addition to this evidence, the finding that the auditory pathway (a in Figure 3 ) ends in the avian DVR suggested that the mammalian auditory cortex derived from a DVR-like structure (8, 9 ). More recently, Butler (10) proposed a subdivision of the thalamic nuclei that somehow agrees with the above view. She classified thalamic sensory nuclei as either collothalamic or lemnothalamic (Table 1) . Collothalamic nuclei receive sensory projections from the mesencephalon. The pulvinar nucleus of mammals and the nucleus rotundus of birds, both of which receive the visual tectofugal pathway, and the medial geniculate and its reptilian equivalent, receiving the auditory pathway, are proposed to be examples of collothalamic nuclei. On the other hand, lemnothalamic nuclei receive projections from lemniscal pathways which bypass the mesencephalon. Examples are the lateral geniculate nucleus, receiving the visual thalamofugal pathway, and the somatosensory nuclei receiving the spinothalamic pathway.
Collothalamic nuclei project to the DVR of reptiles and birds, and to what we call the ventrolateral isocortex of mammals. This includes the visual extrastriate isocortex and the auditory isocortex. At the same time, lemnothalamic nuclei project to the dorsal cortex of reptiles and birds, and to what we call the dorsomedial isocortex of mammals, which includes the visual striate isocortex and the somatosensory isocortex of mammals. Overall, considering this connectional evidence, the ventrolateral isocortex, including the extrastriate and auditory isocortex, would be homologous to the anterior DVR, since both receive collothalamic projections. The dorsomedial isocortex, including the striate isocortex and somatosensory isocortex, would be homologous to the dorsal cortex of reptiles and birds, since these structures receive lemnothalamic projections. This recapitulationist hypothesis implies that the sensory projection sites and processing circuits have been conserved in reptiles and in mammals, while there have been gross changes in brain topography and cytoarchitecture.
Outgroup hypothesis. I. Connectional evidence
Homology of the striate cortex and the somatosensory cortex with the avian or reptilian dorsal cortex is well accepted. The Wulst (dorsal cortex) of the pigeon contains regions that can be compared with the mammalian primary (or striate) visual cortex, with the primary somatosensory cortex and with a region that might be considered a mixture of somatosensory and motor cortex (11) . However, the concept of homology between the DVR and the isocortex has proved to be more controversial. Some early questions regarding this hypothesis (12, 13) took issue with the topography of the reptilian brain. The position of the DVR in the hemisphere is such that in most reptiles it is separated from the dorsal cortex by the lateral cortex ( Figure 2 ). Therefore, the DVR would somehow have to move to a more dorsal position in order to make up part of the isocortex. Additional conflicting evidence comes from neuronal connectivity. In amphibians, collothalamic projections end mostly in the corpus striatum (14) , which is clearly not a homologue of the DVR or the isocortex of mammals. This indicates that collothalamic pathways may change their preferred termination sites, and therefore they may not be considered a good criterion to establish homology. Furthermore, Bruce and Neary (15) and later Puelles and collaborators (16, 17) have indicated that the overall pattern of connections of the DVR resembles more the mammalian laterobasal amygdala than the isocortex. Collothalamic projections also terminate in the laterobasal amygdala of mammals, but instead of arising from specific nuclei like the pulvinar nucleus, they originate from the intralaminar thalamic nuclei ( Figure 4) . Thus, the conclusion from these studies has been that the intralaminar thalamic nuclei, and not the mammalian pulvinar, are comparable to the avian nucleus rotundus.
Finally, another source of evidence has to do with the connections of the extrastriate cortex. This is very old evidence but it has never been considered enough in this context. In mammals, the striate visual cortex connects strongly to the extrastriate visual cortex, while in reptiles there is little connectivity between the dorsal cortex and the DVR (6) . Furthermore, in mammals, the extrastriate and the auditory cortices project, via a sequence of cortico-cortical connections, to the entorhinal cortex and to the hippocampus. On the other hand, in reptiles the anterior DVR (receiving thalamic sensory afferents) projects to the posterior DVR (also termed the reptilian amygdala) (6), but is poorly connected to the hippocampus (18) (19) (20) .
Outgroup hypothesis. II. Developmental evidence
Some relatively recent reports (21) (22) (23) concerning the topography of gene expression patterns in the early development of the telencephalon revealed a highly conserved, mosaic-like, organization of the different telencephalic components (pallium and subpallium). A novel component, located in the equatorial region of the hemispheres, was described in these studies which was termed intermediate territory (21) or, perhaps more appropriately, ventral pallium (22, 23) . The ventral pallium gives rise to the DVR (especially the anterior part) of reptiles and to the lateral basal amygdala of mammals, which implies that these adult structures derive from the same embryonic region. This is a strong argument in favor of homology between the DVR and parts of the mammalian amygdala. Interestingly, based on purely descriptive considerations, Holmgren (24) had already considered that the amygdalar complex was comparable to the DVR of reptiles, and he termed these two things the hypopallium. Figure 3 shows the molecular evidence dividing the cerebral hemispheres into three main sectors. During embryogenesis, the lateral, dorsal, and medial pallium are all positive for the same subset of homeotic-like genes, such as Emx 1, Tbr 1, and Pax 6. The subpallium, which corresponds to the corpus striatum and other ventral structures, is positive for the genes Dlx 1 and Dlx 2. The ventral pallium is located in the equatorial region of the hemisphere, between the pal-lium and subpallium. This territory has pallial markers like Pax 6 and Tbr 1, but does not express the Emx 1 marker. Apparently, the ventral pallium has a different fate in the development of the mouse and the chick (21) . In the mouse, the ventral pallium disappears relatively soon in development, and gives rise only to early-produced neural populations. However, in the chick the ventral pallium may expand and give rise to a large part of late-produced elements of the DVR.
Summarizing these results, the avian and reptilian DVR is comparable to parts of the amygdala of mammals (these two make up the ventral pallium in reptiles and mammals, respectively), and the dorsal cortex of reptiles and birds is embryologically comparable to the mammalian isocortex (both derive from the dorsal pallium). A consequence of this conclusion is that in mammals, collothalamic projections reach the dorsal pallium, while in reptiles, the same projections terminate in the ventral pallium. Therefore, this hypothesis implies that there has been an important change in brain connectivity in the origin of mammals.
Tangential migration
The developmental evidence about gene expression patterns strongly confirms the concept based on brain topography, indicating that the lateral cortex is interposed between the dorsal cortex and the DVR. As mentioned above, in order to be correct the recapitulation hypothesis requires that during development the DVR be displaced dorsalwards, merging with the developing dorsal cortex. May cells from the ventral pallium migrate into the dorsal pallium and contribute to the isocortex? There is now substantial evidence that Dlx-positive GABAergic cells from the embryonic ganglionic eminences may migrate into the isocortex (25, 26) , and that many pioneer neurons of the preplate possibly migrate tangentially from the ganglionic eminences (27) . However, the ganglionic eminences do not correspond to the ventral pallium, but rather belong to the embryonic subpallium. Sec- ond, the kind of cells that migrate, mostly GABAergic interneurons, do not correspond to those specified by the equivalent circuit hypothesis (this implies only excitatory elements) (8) . No evidence has been found as yet for a massive migration of excitatory cells from the ventral pallium into the dorsal pallium, as the recapitulation hypothesis would imply.
The Dlx-positive cells that migrate from the ganglionic eminence into the isocortex keep expressing their subpallial marker. Likewise, if there was such a migration from the ventral pallium into the isocortex, this might make the auditory and extrastriate visual cortical areas largely negative to Emx 1, a fact that has not been observed. Recent evidence indicates that Emx 1 is expressed in most pyramidal cells of the isocortex (28), which is not expected if some cells arise from the Emx 1-negative ventral pallium. Furthermore, in dissociated cortical cultures, this gene is expressed by most glutamate-containing neurons (28) , suggesting that the (excitatory) cells that make up the equivalent circuits in mammals and birds (8, 9) may express different markers (they are Emx 1-positive in the isocortex and Emx 1-negative in the DVR). It could still happen that some precursor cells migrate from the ventral pallium very early into the dorsal cortex, and then they acquire Emx 1 expression. To be fair, it would be very hard to prove that this process does not occur. Undoubtedly, the incorporation of GABAergic cells from the subpallium was probably an important element in isocortical origins. Nevertheless, this sort of migration of inhibitory interneurons has been observed in birds (29) , suggesting that this mechanism predates the origin of mammals.
A new type of brain
The evidence reviewed suggests that in mammals a noticeable expansion of the dorsal pallium has taken place, perhaps to some extent at the expense of the development of the ventral pallium. On the other hand, in reptiles the ventral pallium is the structure that expands most, while the dorsal pallium remains relatively small. Therefore, we may perhaps speak of a dorsalized pallium in mammals, as opposed to a ventralized pallium in reptiles and birds. In this context, an interesting example is the small eye mutation in mice, which renders the Pax 6 gene inactive. In this mutant, there is a dorsal displacement of the domains of expression of many genes characteristic of subpallial sectors, i.e., there is a dorsal displacement of the pallial-subpallial boundary (30, 31) . For example, Dlx 1 genes are normally expressed mainly in the medial and lateral ganglionic eminence. However, in this mutant, they invade pallial territory, which acquires a subpallial identity. It is possible that in the evolution of the pallium, similar shifts in the territories of gene expression have occurred, partly giving rise to the different patterns of brain organization that we see in reptiles and mammals. Perhaps subtle shifts in the relative emphasis on dorsalizing versus ventralizing factors in telencephalic development may produce important changes in brain organization. Nevertheless, both in the reptilian and in the mammalian lineages there has been a parallel tendency to an increase in brain size (in reptiles mostly in the ventral pallium, and in mammals in the dorsal pallium), which may not be explained by a mere shift in compartmental boundaries. It is possible that the overexpression of some factor(s) promoting dorsal pallial growth in mammals, or ventral pallial growth in reptiles might perhaps account for the differential growth of each of these pallial components, respectively. In this context, it has been recently found that the protein Sonic hedgehog is required for dorsal expansion of the developing midbrain and forebrain (32) . Perhaps signals of this sort may regulate the expansion of different telencephalic components, and their differential regulation might produce diverging phenotypes that might lead to different patterns of brain organization such as those observed in reptiles and mammals.
Another important point raised by the evidence reviewed is that this implies different patterns of brain connectivity between reptiles and mammals. In reptiles, the collothalamic projections and the lemnothalamic projections are largely separate. Collothalamic input enters the DVR, which is mainly connected to the hypothalamus, while the lemnothalamic input enters the dorsal cortex, which projects to the hippocampus, and establishes association networks with the olfactory cortex (6) . On the other hand, in mammals there is a confluence of collothalamic and lemnothalamic inputs, especially in the visual system (there is a strong projection from the striate cortex to the extrastriate cortex), and both the lemno-and collothalamic pathways project to the hippocampus and the amygdala. Summarizing, in reptiles there seems to be a separation of the collothalamic and the lemnothalamic processing systems, the former related to the amygdala and the latter to the hippocampus. In mammals, both collothalamic and lemnothalamic projections end in the dorsal pallium, and from there both pathways project to the hippocampus and to the amygdala.
The role of olfaction in the origin of the mammalian brain
What adaptive mechanisms and functional constraints may have driven the change in brain organization in the evolution of mammals? One possibility is that olfaction, which was a highly developed sense in the early mammals (2), was a key factor in determining a different evolutionary direction in mammalian brain evolution. In both mammals and reptiles, the olfactory system is highly connected to the hippocampus (medial cortex); furthermore, the dorsal cortex of reptiles receives olfactory projections and sends projections to the medial cortex (hippocampus) (6) . Thus, the dorsal cortex appears as an important element in olfactoryhippocampal interactions. In addition, the dorsal cortex and the hippocampus of reptiles participate in spatial learning, and can make use of non-spatial cues (like odors and other stimuli) in orientation (33) . Considering the relative importance of olfaction in the behavior of early mammals, we have proposed (12) that the olfactory-hippocampal-dorsal cortex circuit may have been put to use by the first mammals to make relatively elaborate, largely olfactory-based, representations of behavioral space, in which specific odors labeled particular places and routes. In mammals, there is strong evidence that odor information participates in spatial and episodic learning (34) , and these may have been important functions of olfaction in the first mammals. Nevertheless, the contribution of the visual system became undoubtedly helpful in the elaboration of more precise maps of space, especially when mammals invaded diurnal niches after the decline of dinosaurs. The dorsal cortex, receiving visual information from the thalamofugal visual pathway, may have become an important sensory processing system in the early mammalian brain (12) . This may have triggered expansion of this structure, and the eventual incorporation of sensory information from collothalamic systems.
It is of interest to note that in reptiles, visual spatial information is processed mainly via the collothalamic, tectofugal visual pathway, while in mammals the lemnothalamic, thalamofugal pathway conveys most of the spatial information (35) . Likewise, auditory information -also related to collothalamic pathways -has an important spatial component, and there is a strong collothalamic somatosensory pathway in reptiles (36) . Thus, in reptiles spatial information from most sensory sources is conveyed by mesencephalic components and their associated collothalamic pathways. Furthermore, as mentioned, the hippocampus of reptiles receives fewer projections from the collothalamic pathways compared to mammals. We propose that one main innovation in the origin of the mammalian brain is the confluence of the collothalamic and the lemnothalamic pathways in order to process spatial information which, among other things, participated in spatial learning and episodic memory. In this process, the hippocampus may have become a fundamental component in which both types of sensory pathways eventually converged. Strictly speaking, this particular proposal is consistent with both the recapitulation and the outgroup hypotheses, since the merging of the two pathways is independent of the embryonic origin of the ventrolateral isocortex. However, it may be more parsimonious to consider that for this confluence to occur, only the axonal projections changed their route instead of producing a massive cellular migration that dragged the collothalamic axons to a more dorsal position. Perhaps a middle-way possibility would be that only some cells, recipient of thalamic afferents in the ventral pallium, migrated dorsally to the dorsal pallium, carrying with them the thalamic afferents. This would not need a massive tangential migration, and many components of the equivalent circuits (9) would be derived from the dorsal pallium in mammals. However, as mentioned, there is no evidence for this migratory process.
Question 2. Laminar development of the isocortex
The second part of this paper relates to the internal structure of the isocortex. There are a number of differences between the reptilian cortex and the mammalian isocortex. First, the reptilian cortex is much smaller, has three layers, and has a tangential organization of inputs in layer I, above the cortex. The mammalian isocortex is a highly expansive structure, has 6 layers, and afferents come radially from the white matter underneath (6) . Second, the reptilian cortex develops according to an outside-in neurogenetic gradient, in which early-produced neurons are located above late-produced neurons (37); in the isocortex there is an inside-out neurogenetic gradient in which early-produced cells are located in inferior layers, while subsequently produced cells are located in more superficial layers (38) . In the following sections, we will review some morphological and genetic aspects of cortical development in order to propose some plausible evolutionary scenarios for the origin of the developmental and structural characteristics of the isocortex.
Comparative cortical development
As a brief reminder, mammalian isocortical development is characterized by the presence of an early preplate, which is a population of cells that is subsequently divided into a deep subplate and a superficial marginal zone by the arrival of cells belonging to the cortical plate. Most of these preplate cells die in late cortical development. A characteristic cell type of the marginal zone is the Cajal-Retzius cell which secretes reelin, an extracellular protein involved in the control of neuronal migration (39, 40) .
One unsolved question is whether there is a preplate in the reptile. An early population of somatostatin-positive and NPY-positive cells has been detected in the developing cortex of reptiles (40, 41) . However, these cells do not express reelin or calbindin, which are markers of the mammalian preplate. If there is something like a preplate in the reptiles, it has important differences with what we see in the mammal. Furthermore, it is not known whether the preplate is split by the arrival of the cortical plate, leaving a subplate-like structure underneath.
Marín-Padilla (42) originally proposed that the mammalian subplate represented the ancestral reptilian cortex. However, the subplate evidences a progressive elaboration in those mammals with more complex isocortices, which suggests that more than an ancestral vestige, this structure may cor-respond to an embryonic adaptation (43) . Furthermore, the subplate is important in many aspects of the development of the cortical plate (44) . Comparative studies (45, 46) of the cerebral cortex of reptiles and of mammals have concluded that cells in the inferior layers of the isocortex (output layers V and VI) resemble most the cells of the reptilian cortex. However, in the reptile there are no cell types strictly comparable to those in the granular layer (IV, thalamo-recipient) and supragranular layers (II and III, involved in local and cortico-cortical connections) of the isocortex. Thus, granular and supragranular layers may be an evolutionary acquisition of the mammalian brain. Since these layers are also the latest produced cells of the isocortex, this may imply an additional developmental step in the development of the mammalian cortex. Related evidence is the fact that deep cortical layers mostly derive from the ventricular zone (the deepest, proliferative region of the hemisphere), and they are characterized by the presence of the marker Otx 1. Cells belonging to supragranular layers derive from the subventricular zone (which is above the ventricular zone), and are positive to the Svet 1 gene. In the cortex of the small eye mouse (Pax 6 mutant), only deep layers are formed and the Svet 1-positive superficial layers do not develop (47) . Apparently, there is an inability of the precursors of the superficial layers to differentiate and migrate into the subventricular zone. This evidence suggests that the superficial and the deep layers of the isocortex may be specified by different genetic mechanisms.
Mutants of cortical development
Several genes have been identified which participate in the regulation of cortical development. Below we will discuss two distinct signaling pathways that participate in the regulation of cell migration, which can relate to the evolutionary origin of the isocortex. These are the reelin/mDab pathway, and the Cdk5/p35 pathway (see Figure 5 ). The reeler mutant is characterized by an inverse layering of the cortex, in which cells normally belonging to deep layers are located superficially, and cells normally destined to superficial layers are located deeply. An important characteristic of the isocortex of the reeler mouse which is not always emphasized enough is that in the adult, cortical plate cells are located immediately below the subpial surface, there being no cellpoor layer I in this mutant. This does not happen in other regions of this mutant like the dentate gyrus and the hippocampus, in which a superficial marginal zone can be observed. The reeler phenotype is caused by mutations in a gene coding for an extracellular glycoprotein called reelin, which is secreted by the Cajal-Retzius cells of layer I (48) . Reelin binds to several receptors in the migrating cells (including N-cadherin receptors, VLDL receptors and integrin receptors), and triggers an intracellular cascade mediated by the protein mDab. Reelin is a serine protease (49) , and it has been postulated that this proteolytic activity is central to its neuronal function. One hypothesis (50-52) is that normally, by binding to these receptors, reelin detaches the neuron from the radial glia that serves as a substrate for migration, consequently arresting migration of the cell. The separation of the cell from the radial glia permits younger cells to migrate past the older neurons, using the same radial glia as a substrate, until they contact reelin molecules as they get to the border of layer I. In this way, younger cells are able to migrate past older ones, generating the inside-out neurogenetic gradient. If reelin is inactive as in the reeler mouse, neurons do not detach from the radial glia, and keep migrating until they accumulate in the subpial layer. Presumably, the inverted outsidein gradient of the reeler is produced because younger cells are not able to migrate past the older neurons that remain attached to the radial glia. In the reeler mutant, neurons are unable to migrate through the subplate and accumulate below it, possibly because the subplate cells remain attached to the radial glia. As mentioned, and perhaps due to the death of the preplate cells, in the adult, reeler cells of the cortical plate are seen reaching the subpial layer, that is, they penetrate into the marginal zone, possibly by compressing cells of the preplate or by migrating into it once the preplate cells die. It was recently observed that some of the wild characters were rescued by artificially expressing ectopic reelin in the ventricular zone of reeler mice (53) . One of the most notable rescued characters was the ability of cortical plate cells to split the preplate; that is, they are able to migrate through the subplate and locate above it. However, in the cortical plate, most cells still show an inverted lamination and they migrate into the marginal zone as in the standard reeler mutant. Interestingly, ectopically expressed reelin binds to migrating cells and triggers the mDab intracellular cascade. In general, these results are rather hard to interpret clearly. It could be that reelin receptors are not critical for cell movement in early stages, which would explain why early-migrating cells do not arrest migration once in contact with ectopic reelin. Another possibility is that the levels of ectopically expressed reelin are too low to block migration. In addition, ectopic reelin might somehow help detaching the subplate neurons from the radial glia, allowing cortical plate cells to move through it. It could also be that ectopic reelin interacts with some factors that prevent cellular migration across the subplate. However, this might be insufficient to permit cells to migrate through previously formed layers within the cortical plate, since the inside-out neurogenetic gradient is not restored in these mice. In any case, these results indicate that the role of reelin may be more complex than has been previously thought. In this context, another recent finding indicates that reelin signaling is necessary for the migration of neural stem cells away from the ventricular zone (54) , which opens the possibility that this molecule may have some role in early migrational stages.
The next set of mutations relate to the cyclin-dependent kinase Cdk5 and its activator p35. Mutants for Cdk5 have a phenotype somewhat similar to the reeler one in that cells arrange in an outside-in pattern and most neurons arrange below the subplate, forming an underplate (actually, many cells can be observed in the intermediate zone, forming clusters that apparently displace very slowly along the radial glia; 55). However, there are two important differences with the reeler phenotype: first, layer VI cells (the earliest produced) are able to cross the subplate, correctly splitting the preplate, and second, in the adult there is a normal layer I, indicating that cells do not penetrate into the marginal zone and thus may respond normally to reelin. The p35 mutant has a milder phenotype, as in this animal cortical plate cells migrate better and all are able to move past the subplate, splitting the preplate. However, within the cortical plate, cells arrange in an inverted outside-in pattern. As in the Cdk5 mutant, in the adult p35 mutant there is a normal layer I. Summarizing, early-produced layer VI cells do not need either Cdk5 or p35 to reach their proper position and cross the subplate. Late-produced cells from layers II-V need Cdk5 but not p35 to cross the subplate, and need both Cdk5 and p35 to cross through previous cortical layers within the cortical plate. There is another Cdk5 activator, p39, whose mutation produces a very mild phenotype. The p35/p39 double mutant has been claimed to totally reproduce the phenotype of the Cdk5 mutant (56) . This suggests that Cdk5, activated by p39, helps cells from layers II-V to migrate through the intermediate zone and to cross the subplate. In this context, it has been observed that the POU domain transcription factors Brn 1 and Brn 2 critically control the initiation of radial migration by regulating the Cdk5-regulatory elements p35 and p39 (57) .
Recently, two modes of cell migration have been observed in the developing cerebral cortex (58): one is called translocation, and is observed in early-produced cells of the cerebral cortex, including those of layer VI, and also in the latest stages of migration of late-produced cells within the cortical plate. In this modality, the apical process of the cell contacts the subpial layer, and the cell body is dragged toward the surface while the apical process shortens. The other mode, locomotion, consists of the continuous lengthening and shortening of the apical process as the cell migrates along the radial glia. It is highly interesting that in the Cdk5 and the p35 mutants, only cells that move by locomotion are affected; cells in layer VI and other early-produced cells that migrate mainly by translocation are unaffected (51, 59) . This suggests that Cdk5 and its activators p35 and p39 participate in helping migration by locomotion. It is then possible that Cdk5, activated by p35, allows migrating neurons to move by locomotion within the cortical plate, thus allowing the generation of the inside-out gradient. It has also been found that Cdk5 and p35 inhibit Ncadherin-dependent cell aggregation in migrating cortical neurons, which may also be part of a mechanism that permits migrating neurons to move past other cells within the cortical plate (50) (51) (52) .
Evolutionary origin of the inside-out neurogenetic gradient
Considering this evidence, we postulated (50-52) that there was a hypothetical mammal-like reptile with an outside-in pattern of cell migration like that of reptiles. Perhaps in this animal many cells migrated by using the translocation mode of cell migration, and cells also arranged in an outside-in manner. Associated with the early expansion and increase in cell number of the evolving brain (origin of more superficial layers), the Cdk5 pathway may have been a key factor that permitted long-distance migration by locomotion of the new cell types. Furthermore, p35 was probably fundamental to permit cells to migrate past older cells in the cortical plate, generating the outside-in gradient. However, these cells activated by Cdk5 may have needed to be prevented from migrating into the marginal zone. The role of reelin may have precisely been to stop these cells before they penetrate into layer I. Although recent findings by Magdaleno et al. (53) and Kim et al. (54) indicate that the developmental role of reelin may be more complex than a simple stop signal, the evidence points to a critical role of reelin in the final stages of neuronal migration, perhaps specifically in the generation of a cell-free marginal zone. It is interesting that reelin is quite poorly expressed in the developing cortex of reptiles (60) , and that in the reeler mutant there is a normal layer I in the hippocampus and dentate gyrus, suggesting that in all these cases there is some other factor beside reelin that prevents cells from entering the marginal zone.
Yet there are some open questions. One is that, like other cortical plate cells, the cells produced early from layer VI (which are Cdk5-independent) seem to depend on reelin to avoid penetrating into the marginal zone. If these cells migrate according to a mechanism different from the younger cells of the cortical plate, they might not depend on reelin as a stop signal. Rather, they might be prevented from migrating into the marginal zone by some mechanism similar to that found in reptiles (and perhaps also in the hippocampus and dentate gyrus). This might be because the ancestral stop signal was totally replaced by reelin, and is no longer present in the isocortex. Another point is that layer V cells may actually represent an intermediate stage between the new phenotypes of the granular and supragranular layers and those of the earliest-produced cells of layer VI. Layer V cells are produced relatively early in development, derive from the ventricular zone, and have phenotypes similar to those of the reptilian cortex. However, they do depend on Cdk5/p35 to migrate and reach their proper position.
Some why questions
Why did all these changes in isocortical organization come about? Why was there an inverted layering in the isocortex, and why do axons have a radial entrance to it? Up to this point, we have discussed the developmental mechanisms involved in isocortical origins, but to make sense of the evolutionary transition, it is important to discuss the adaptive or functional context in which this process occurred. Below, we will outline some hypotheses attempting to shed some light on this issue.
As discussed before, the dorsal cortex of reptiles has most afferents located in the marginal zone, and the apical dendrites of the pyramidal cells make synapses with these afferents. In most mammals, afferents enter the cortex radially from the underlying white matter. However, in some so-called primitive mammals like the hedgehog, afferents enter radially to the cortex, but eventually they penetrate into layer I and run tangentially for some distance (6) . This pseudotangential organization may represent a vestigial reminder of the ancestral condition of reptiles. Now let us consider an hypothetical ancestral situation. If afferents were located in the superficial zone, and the cerebral cortex was expanding in thickness, an outside-in gradient like that of the reptilian cortex would have left the new cells, involved in intracortical processing, too far from the cortical afferents in layer I (they would be separated from them by the early-produced, output cells). The solution to this problem was that the new cell types migrated past the older cells, and thus were able to make direct synaptic contacts with the afferents in layer I, in this manner favoring cortical processing capacity.
In a next stage, the early mammalian cortex began to expand in the tangential direction. In such a situation, tangentially running afferents would have to run increasingly long distances from the lateral aspect of the cortex (where they enter into the marginal zone) to the site in which they establish their sites of termination. In addition, the marginal zone might have been soon crowded with thalamocortical axons. Perhaps the simplest solution, which possibly occurred very early in cortical evolution, was to run axons into the subcortical white matter and let them enter the cortex radially. In this process, the origin or differentiation of the subplate may have been a pivotal element in attracting axons to the subcortical matter. During development, subplate cells send pioneer axons which establish contact with thalamic axons, guiding them into the subplate and allowing them to establish transient synaptic contacts with subplate cells before the cortical plate is ready to receive these axons. Later, thalamic axons are able to penetrate radially into the isocortex, possibly aided by reciprocal connections between the subplate and cortical layer IV (44) . According to these hypotheses, the participation of the subplate in axonal guidance and its elaboration into a complex cell layer may have occurred in evolution after the origin of the superficial layers of the isocortex. Nevertheless, during development the subplate appears earlier than the cortical plate. The lack of concordance between the proposed phylogenetic sequence and the ontogenetic processes may be explained by the fact that the subplate is an embryonic adaptation, rather than an adult adaptation like the superficial isocortical layers.
In this way, the inside-out neurogenetic gradient may have been associated with the radial expansion of the isocortex (origin of the superficial layers), while the radial organization of thalamic inputs was possibly more related to the tangential expansion of the early isocortex. In this latter process, the subplate may have been a fundamental element in attracting axons through a shortcut via the developing intermediate zone.
Conclusions
This paper has attempted to provide a coherent scenario for the early evolution of the isocortex. The first main point expressed here is that the isocortex possibly arose from expansion of the ancestral dorsal cortex, and may have not arisen from the DVR. The possibility of the ventral pallium (DVR) contributing to the isocortex depends on demonstrating a sufficiently massive migratory process from the former to the latter, something that has not been observed. Perhaps one possibility to reconcile the two hypotheses would be that, although the ventrolateral isocortex may derive mostly from the dorsal pallium, a population of thalamo-receptive cells has migrated dorsally from the ventral pallium, dragging with them the collothalamic afferents. In any case, this alternative also relies on the demonstration of a tangential migratory pathway from the ventral pallium to the dorsal pallium.
Regardless of this controversy, the brains of mammals are differently organized than those of reptiles, in that all sensory pathways converge in one structure, the isocortex, and then are all projected into both the hippocampus and the amygdala. This differs from the organization of the reptilian brain, in which there are two types of sensory pathways that remain largely separate. It is possible that the development of olfaction in early mammals placed emphasis on hippocampal-olfactory cortex circuits for processing spatial information, which promoted the development of the lemnothalamic systems and the confluence of the collothalamic pathways into the hippocampus. Although this latter concept is compatible with both the recapitulation and the outgroup hypotheses, it is more parsimoniously coherent with the outgroup hypothesis in that it requires less dramatic developmental transformations.
The second main point of this paper is that the superficial isocortical laminae are evolutionarily new components of the isocortex, and their origin, together with the tangential expansion of the early isocortex, triggered the development of the inverted neurogenetic gradient of mammals and the radial entrance of thalamocortical axons, respectively. At least two signaling pathways, one mediated by reelin and the other by Cdk5/p35, may have been fundamental in the origin of the inside-out gradient. Particularly, the activator p35 was fundamental in allowing migrating cells to locomote within the cortical plate, thus producing the characteristic inside-out gradient of the isocortex, while reelin was recruited to prevent cells from migrating into the marginal zone.
These considerations also raise several intriguing questions. For example, a lot more research is needed into the ventral pallium and its developmental fate. It will also be interesting to study the possibility of dorsalizing, or ventralizing factors, in telencephalic development, like BMP 4 and Sonic hedgehog, which are respectively known as dorsalizing and ventralizing factors in the neural tube and in the telencephalon. Furthermore, the point that lemnothalamic and collothalamic pathways are probably largely separated in reptiles may imply that these animals process information somewhat differently than mammals do.
We believe that embryonic processes may give important insights into the evolutionary mechanisms involved in the origin of the mammalian brain. However, these need to be complemented with functional considerations providing integrative scenarios which attempt to reconstruct the historical processes as accurately as possible. Without question, this is a risky endeavor, but on the other hand provides new questions that may direct future comparative research.
